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Abstract—This paper simulates a pool-based electricity market Ny
and identifies equilibrium patterns. A multiperiod framework that .
requires the use of continuous and binary variables is considered.
Producers can be either price-takers or price-makers, although
price-makers and their behavior characterize the market. The Y
elasticity of the loads is modeled through piecewise constant price-
demand curves. The market operator uses a detailed network- ,\{”
constrained market-clearing auction that results in hourly market-
clearing prices. The behavior of the market participants and the
market itself are characterized through a repetitive simulation
procedure. The tool presented in this paper is particularly useful Adtn
for the market regulator that may use it to monitor the market
and to identify the exercise of market power by producers. Results )
from a realistic case study are presented and discussed.
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NOMENCLATURE
. . . 11,
The notation used throughout the paper is described beIovbJ
nk

Number of units in the system.

Total number of nodes in the system.

Number of time periods considered.

Maximum number of iterations for the iterative
process.

Market-clearing price corresponding to hauNote
that\M is not strictly a constant, its value is derived
from the solution of problem (6)—(13).

Price corresponding to thieth block of demandi

in hourt.

Price corresponding to thigth block of unitj in
hourt.

Size of theh-th quantity block offered by demantl
in hourt.

Size of theb-th quantity block offered by unif in
hourt.

Feasible operating region for unit

Susceptance of the line between nodemndk.

A Indices Gk Conductance of the line between nodeandk.
i GENCOs in the market. D. Variables
t Time periods considered in the time horizon. pjc;t Power produced by unjtin hourt.
n. k getworl:. nodes_t. 5, Pwer produced with th&th block of unitj in hour
J enerating units. .
Z Iggvr\?jrnglzcks or each demand P Power consumed by demaridn hourt. .
b Power blocks for each generatiﬁg unit D Eower consumed by thfe-th block of demand! in
' ourt.
. ¢ Quota of GENCQ in hourt.
Bj Eunctlons L, Maximum capacity of the line between nodeand
Ai(qb) Stepwise monotonically decreasing discontinuous k

function that expresses the market-clearing price @%gthm

a function of the quota of GENC®Ofor hourt. This
function is known as price-quota curve. O,

cj Production cost for houtrof the j-th generating unit.

gt

E. Sets
C. Constants I,
v Iteration counter for the iterative process. v,
Np Number of blocks of the cost function for every unit®,,
Np Number of demands in the system. A,
Ny Number of price-blocks for every demand.
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Summation of power injected in nodsn hourt by
all the participants except GENCO
Phase angle of nodein hourt.

Set of generating units belonging to GENO
Set of units connected to node

Set of nodes directly connected to node

Set of demands connected to node

|. INTRODUCTION

UITE a few functioning pool-based electricity markets
present oligopolistic structure. That is, they include
generating companies (GENCOs) with such structure
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‘These GENCOs are referred to as price-maker GENCOs. The
analysis of the functioning of the market if one or several
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GENCOs have market power is complex, particularly in a The simulation tool presented in this paper complements the
day-ahead market setting. This complexity arises from tleentinuity- and convexity-based single-period equilibrium anal-
rigorous modeling of the effect of the actual power productiorysis proposed by Hobbst al. [5]-[7], and by Smeert al.
of price-maker GENCOs on market-clearing prices, in conjunf8], [9]. On the other hand, it extends the work reported in [11]
tion with binary variables, required by the multi-period markghrough an iterative simulation procedure.
setting. However, this analysis is of fundamental importance The contributions of this paper are the following ones:
because it provides the regulator with relevant information to 1) A detailed simulator of a pool-based multiperiod elec-
identify and mitigate the exercise of market power. It also pro- tricity market is developed.
vides GENCOS with the appropriate information to maximize 2) A detailed optimization algorithm to determine the op-
their respective profits, within the regulatory framework, by timal response of a GENCO to the market, taking into ac-
altering market clearing prices to their own respective benefits.  countitsinfluence on market clearing prices, is embedded
The purpose of this paper is to provide a tool that allows the  in the simulator.
simulation of a pool based electricity market that includes 3) A detailed optimization algorithm to clear the market
price-maker GENCOs in a day-ahead pool-based market set- maximizing social welfare is embedded in the simulator.
ting. A detailed modeling of the profit maximization behavior This algorithm reflects precisely the operating con-
of every GENCO is provided. A very detailed market clearing straints of the individual generators, including minimum
auction that seeks social welfare maximization is embedded in  up-time, minimum down-time and ramping limits.
the simulator. Simulation results allow identifying equilibrium 4) The effect of price-maker GENCOs on market clearing
patterns. This is further detailed below. prices is properly modeled by using price-quota curves.
This paper considers a pool-based multiperiod electric energyl he simulation tool presented in this paper can be used by the
market [1]—[4]. The market functioning is simulated repeatedf?arket regulator (i) to monitor market functioning; (ii) to detect
to identify equilibrium patterns. The considered multiperiothe exercise of market power by producers and consumers, and
framework requires using both continuous and binary variabldd) to identify their respective most profitable equilibria.
Market equilibria analysis is usually addressed in a single periodFinally, it should be noted that the purpose of the paper is
framework and restricted by the assumptions of continuit§ analyze the market power originated from retaining power
and convexity [5]-[9]. This is not the case for the procedu _Iterlng b|dd|_ng prlces)..Market power relat_ed to purposely cre-
presented in this paper that uses an iterative simulation proced®fB9 congestion is outside the scope of this paper. _
to escape the limitations of imposing continuity and convexity. 1 N€ remainder of this paper is organized as follows. Section i
In pool-based electricity markets, producers can be eithiPvides models for producers and consumers, describes the
price-takers or price-makers. However, the market is charactBHCtion-based market-clearing algorithm and presents the as-

ized by the dominant behavior of price-maker producers th%qmptions made_ to model the bid(_jing st_rategy of the G.ENCO.S'
intend to modify market-clearing prices for their respectiv ection Il describes the market simulation procedure in detail.

benefits. Demands are considered price-sensitive and ection IV presents data, results and conclusions from arealistic

elasticity of each load is described through a piecewise const 194 study.'ln Secpon v th? main con'clus[ons' are summarized.
. n Appendix provides details on the linearization of losses.
price-demand curve.
A network-constrained multiperiod auction is used to clear
the market [10]. Producers submit price/MWh production bids [I. FORMULATION OF THE MODELS
for each hour and owned unit. They may declare operatig\n
constraints for their respective units, but they are not required
to do so. Demands submit hourly price/MWh consumption Depending on its relative size and generating mix, a GENCO
bids in the format of piecewise constant price-demand cur/@ghaves either as a price-maker [11] or as a price-taker; in
describing their responsiveness to price. The auction-bagdfer words, either the company is able to influence market
market-clearing algorithm results in hourly market-clearingices to its own profit, or not. In the latter case, the GENCO
prices to be paid by each demand being supplied and to be p%\'ﬁes whichever prices resulting from the market-clearing
to each unit scheduled to produce. mechanism. From the modeling point of view, there is no

This day-ahead market functioning is repeatedly simulate%‘?ed to explicitly state the price-maker/price-taker difference,

Public information made available by the market operator “k?_ecause a price-taker can be regarded as a price-maker which

cludes hourly aggregated offer curves and hourly aggregated gge—qupta curve is defingd by. a single stgp. Hence, the
mand curves. If the transmission network is being modeled, t émulatlon presented next is valid for both price-makers and

. LY . fice-takers.
market operator also provides hourly power injections in ea

Generating Companies

bus. The public information provided by the market operat rThelffr.mulatmn of the problem faced by GENG® as fol-
allows producers to bid in the market pursuing independenTFf)NS [11):

the maximization of their respective profits. In turn, the market-

clearing algorithmis run resulting in updated publicinformation Neef oo

to be broadcasted by the market operator to market participanf@?‘%}gl}ze Z @Ay () — Z Cjt )
This procedure is repeated a sufficiently large number of times ~**"™" t=1 JET:

to allow identifying equilibria [5]. subject to: pft ellj; Vjely; t=1,...,Np (2)
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g = Z pﬁ, t=1,...,Np (3) self-scheduling problem of a price-maker can be formulated in-
jer, dependently of the problems of other producers.
G | . i,others The day-ahead price-quota curves of a price-maker can be
A + By (Ot — Ok ) . ; ) L .
Z Pt Pnt Z (e = Bt) obtained (i) by market simulation or (ii) using forecasting

JG(\P'TD) hedn procedures; however both techniques are outside the scope of

—3 Z Gr(Ont — 01)? = 0; this paper. For the case studies presented in this paper, a direct
ked, method is used to obtain the price-quota curves. For any given
t=1,....,Ny; m=1,...,Ny (4) hour, the price-quota curve for a certain GENCO is equal to

—ph < Bk (Ont — Ort) < Ly the aggregated demand curve minus the aggregated offer curve

of the rest of the GENCOs. Note that the above two curves
are assumed to be publicly available from the market operator.

The objective function (1) expresses the profit of the pric%;orr the sake of illustration, Fig. 1 shows a typical price-quota
the

maker: total revenue minus total costs. Taking advantage of
stepwise nature of price-quota curves, the total revenue canEPe
linearly expressed using positive real variables and binary vari-
ables. For a detailed formulation of the cost function see [11], Consuming companies (CONCO’s) are modeled in a simple
[12]. fashion because the main purpose of the procedure presented
The set of constraints (2) enforces every unit to work withiff! this paper is to analyze the behavior of GENCOs. Each de-
its feasible operating region over the whole planning horizon. lRand is considered a fixed set of price-quantity values, i.e., con-
precise mixed-integer linear description of this feasibility regioptmption offers are the same at every iteration. See Fig. 2 below
can be found in [12], [13]. for an example of a generic demand function. As in the real

The set of constraints (3) expresses the price-maker quotaW'd’ stepwise elastic demands are considered distributed over

every hour as the sum of the power production of its units. the nodes of the network.

The block of (4) defines power balance at every node, statin In_the proposed model, every CONCO offers to consume a

that the difference between the power reaching any node and gimum of 4 blocks of demand for every hour.
power leaving that node must be equal to zero. The first term . .

in this equation expresses the power injected by the GENCE. Market-Clearing Algorithm

The second termy’ """ expresses the total power injected by A network-constrained multiperiod auction to maximize so-
other participants in the node; it comprises the power injected bial welfare is used to clear the market. It is based on mixed-
other generators minus the power demanded at the node (viutieger linear programming The complete formulation of the
able). Note thap.:?"™™™ is considered publicly available dataproblem is as follows:

known by the GENCO before solving its optimization problem.

n=1,...,Ny; VYke®,; t=1,...,Np (5)

Consuming Companies

The third term is the net power reaching the node through ad- Ny | Np Ny _ N, Np _
jacent lines. Note that 50% of the losses incurred in each of theximize SIS pEARE =D p5uAGi | (6)
lines connected to the considered node is introduced as an artffizo'Patn =1 | d=1h=1 j=1b=1
cial demand in that node. This mechanism allows formulating a pSelly; j=1,...,Ny; t=1,...,Np (7)
simple yet accurate linear model for the losses. For more details 0< pD < pDbid
regarding loss modeling see the Appendix and [10]. = Path = Pth

The block of (5) imposes the restrictions related to the ca- d=1,....,Np; h= 1» s Nm; t=1,...,Np (8)
pacity of the transmission lines. 0 < pGiy < PS5

For a given hour, the quota of a price-maker is the amount  j =1, ... N;; b=1,...,Ng; t=1,...,Np (9)
of power it contributes to serve the demand in that hour. The Ng
function that expresses _how the market-cle:_:\ring price.changes Zp?;b = pﬁ; j=1,...,Ny; t=1,...,Nr
as the quota of a given price-maker changes is called price-quota b=1
curve [11]. Observe that different price-makers competing in the (10)
same electricity market present different price-quota curves. Nu

. . . D _ D, _ . —

The price-quota curve corresponding to a price-maker for a Zpdth =pa; d=1,...,Np; t=1,...,Np
given hour is a stepwise monotonically decreasing curve that h=1
expresses the actual market-clearing price in that hour as a func- (11)
tion of its market quota. Price-quota curves are stepwise because Z PS5 + Z Boi(Ont — O1t) = Z 2
(producer/consumer) bids are assumed to be blocks of power at jew, kED, deA,
given prices. 1 2.

The 24 hourly day-ahead price-quota curves provide all the t3 D Goklbar = 612

ke®,

market information a given price-maker needs to self-schedule t=1,... Ny n=1,.. . Ny (12)

optimally, i.e., to maximize its benefits. That is, these curves . e
embody the effects of all interactions with competitors and the = Dk < Buk(Ont = Okt) < P
market functioning rules. Once these curves are available, the n=1,...,Ny; Vke®,; t=1,...,Npr (13)
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Once problem (6)—(13) is solved, the market clearing price
for each hour is obtained as the price of the most expensive
production bid that has been accepted in that hour. Note that
problem (6)-(13) includes binary variables and therefore its
shadow prices are not mathematically defined.

D. Bidding Strategy

The solution of problem (1)—(5) provides any GENCO with
its optimal self-scheduling, i.e., the power blocks the GENCO
should get accepted in the market to maximize its profit. To that
end, its bidding strategy for any given hour is defined as follows:

1) All power blocks with optimal self-scheduling values dif-

ferent from zero are offered at their corresponding mar-
ginal costs.

2) The remaining blocks are offered at price infinity.

It is considered that all GENCOs follow the above bidding
rule. Note that other consistent sets of assumptions can be
made on GENCO behavior. However, the assumptions made
are simple and economically consistent.

Although GENCOs do take into account the network to
compute their bids, they do not try to use the network as an
instrument to exert market power; in other words, no GENCO
is trying to produce a congestion in order to take advantage of
the resulting higher prices. The modeling of such a behavior
is complicated and is outside the scope of this paper.

Ill. M ARKET SIMULATION

The simulator described in this paper considers the three
typical participants in a pool-based electricity market, namely,
generating companies (GENCOs), consuming companies
(CONCO's) and the market operator (MO). This section
describes the iterative process used for the simulations. The
main steps of this process are described below:

STEP 0. An initial solution and initial price-quota curves
are obtained for all GENCOs by clearing a

Equation (6) is the objective function; it expresses total so-
cial welfare as the summation of the social welfare for every
hour. Social welfare is computed as the difference of two terms:
the first term is the sum of accepted demand bids times their
corresponding bidding prices; the second term is the sum of ac-
cepted production bids times their corresponding bidding prices.

It should be noted that if the producers do not bid at their mar-STEP 1.

ginal costs the difference of the two terms is not the actual social
welfare, but the “declared” social welfare.

The block of (7) is equivalent to block (2) but extended to
all the units in the system. The blocks of (8)—(9) state the limits

for the main variables of the problem. The block of (10) defines STEP 2.

the power generated by any generator in any given hour as the
summation of its corresponding production blocks. The block of

(11) defines the power consumed by any demand in any given
hour as the summation of its corresponding consumption blocks.
The block of constraints (12) defines power balance at every
node, stating that the total generation at any node plus the net
injections through lines must equal the total power demanded

at that node. Note that artificial demands have been introduce STEP 3.

to take losses into account (see the Appendix). The block of
constraints (13) is equivalent to block (5).

market considering that all units offer all their
power blocks for all time periods at their corre-
sponding marginal costs. This provides an initial
solution. Prices derived from this solution are
lower bounds for final prices and productions
are upper bounds for final productions.

Once the market is cleared, all necessary in-
formation is made available to the participants.
The aggregated offer and the aggregated demand
are made public for every hour. Injections at all
nodes for every hour are also publicly available.
With the information obtained from STEP 1 and
with the knowledge of its own previous offer
to the market, every GENCO derives its price-
guota curve for every hour [1]. Assuming that all
other companies do not change their offers, any
given GENCO solves problem (1)—(5) described
above. The solution obtained allows the GENCO
to derive its optimal offer for the next iteration.
Once all GENCOs have calculated and sub-
mitted their offers, the MO clears the market
and calculates productions and market-clearing
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prices for every hour; this is achieved solving
problem (6)—(13) above. If the desired numbe
of iterations has been reached the simulatic
concludes; otherwise, the simulation continue

in STEP 1.
The purpose of the simulation is to identify alternative marki
equilibria considering that all GENCOs try to maximize thei The MO clears the market and obtains initial values for:
respective profits modifying market-clearing prices. To do s m, ijt and pl Vt,Vj,vd
the market functioning is simulated a sufficient number of time
without any convergence criterion. Therefore, no terminatic >
criterion other than “simulate a sufficient number of times” i y
needed. | SET v=v+1 I
A flow-chart describing the algorithm above is shown i Y
Fig. 3: The MO broadcasts the public information:
Note finally that the purpose of the above procedure is to d *  Aggregated offers for all hours,

e Aggregated demands for all hours, and

termine the strategy of every GENCO and to optimally ‘conr e Injections in all nodes for all hours,

bine’ all those strategies through the market clearing algorith
to simulate the market results. The whole procedure is repea v

a sufficient number of times to identify patters in market result Using the public information provided, cach GENCO solves its own
version of problem (1)-(5) to derive its next offer: pﬁ; id
IV. CASE StuDYy v

The Simmatqr has .been tested U_Sing an aII-ther.maI POV "The MO clears the market by solving problem (6)-(13) and obtains:
sy_stem of realistic size. T_he considered market_lncludes ﬂﬁ”,ij,,andpg V1,Vj,Vd
price-maker GENCOs owning 19, 13, and 11 units, respe
tively (see Table 1), and 7 single-unit price-taker GENCOs. Tt
total number of units is therefore 50. In the market clearir
procedure, all unit constraints, including minimum up-time v=0" 7
minimum down-time and ramping limits, are considered. Tt
market time horizon is 24 hours. Data regarding the ownerst YES NO
of the units among the GENCOs is presented in Table I. A

Data for all units are based on the 1996 IEEE RTS [14], a END

are detailed in Table Il. In this table, ‘Type’ indicates the un

type (A, B, C, D, E, F or G)P andP indicate, respectively,

maximum and minimum power output; eveil§y,’ value pro- Fig.3. Flowchart describing the proposed iterative algorithm.
vides the production cost of the block ‘b’ of the unit (four-block

piecewise convex cost curves are considered); ‘RR’ gives both TABLE |

ramp-up and ramp-down maximum values; ‘SC’ is the constant UNITS OWNED BY EACH GENCO
start-up cost; and ‘MUT’ and ‘MDT’ represent the minimum

up- and down-times, respectively. GENCO

Fig. 4 depicts the distribution of the total generating capaci
in the system among the participating GENCOs. For the sake — Lype A
clarity, the power of the 7 small price-taker GENCOs is plotte —2¢ B
as one single piece in the pie chart. iypeg

. o o ype

The units are distributed over a transmission Netwol ™ ry,c g
including 73 nodes and 108 lines, which is also based « TypeF
the network described in [14]. The units are placed even Type G
distributed over the network, avoiding the possibility of loce  Total
market power taking place in some areas. The system analyzed

is therefore reasonably realistic. ) ) ) ]
Three different case studies are presented in this section. Hd case study. For each case study 30, iterations of the sim-

first one is the ‘Base Case,’ in which the previously describa#ation process are performed. Results in terms of prices and
marketis simulated; the second case study differs from the ‘Ba¥@ductions are analyzed below.

Case’ only in the fact that the transmission network is not con-

sidered; the third and last case study is different from the ‘Bafe Case 1: Base Case

Case’ in the fact that no market power exertion is allowed. This In the ‘Base Case,’ the market previously described is sim-
is achieved by imposing an independent operation to every uuliated. Fig. 5 shows the evolution of the total power accepted
regardless of unit ownership. The network is considered in thisthe market for production in three representative hours. For
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TABLE I 75 —
GENERATING UNITS DATA
7,0 1 \
Type A B C D E F G £ .|
e
P (Mw] 12 76 100 155 197 | 350 400 3
Poawl | 24 | 152 | 25 | 5425|6895 | 140 | 100 §°°] rourt
[ 25.63 | 18.98 | 2036 | 10.95 | 21.02 | 11.13 | 7.82 g 55| o
[ 2601 | 19.81 | 2192 | 1132 ] 2224|1179 | 792 = hour #6
[ 2038 | 23.01 | 2372 1 11.79 | 2322 | 1225 | 8.14 50
C, 3328 | 2646 | 2487 | 1243 | 2422 | 1294 | 834 N
RRIMW/h] 12 76 100 155 180 120 409* Ty 2 ‘ 3 4 5 67 8 I 9 '10'11‘12’13'14‘15‘16 17‘18 1920 21‘22‘23,24‘25‘26.27,28.29,30
SC($) 114.1 | 789.6 | 949.9 | 1263 | 1300 | 5920 | NA®D Iterations
MUT (h) 4 8 8 8 12 24 | NA®)
MDT (h) 2 4 8 8 10 48 | NA®Y Fig. 5. Total production for three different hours. Base Case.

) Units: [$/MWh]. T NA: Not Applicable.

25

hour # 13

22 A

W GENCO # 1 (45%)

Prices ($/MWh)

hour # 9

[ GENCO # 2 (20%)

hour # 6
134

0 GENCO # 3 (17%) ——

Price-taking GENCOS 10 F———— — — . .
D(tota\)HSD/E)‘ 1234567 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
()

lterations

Fig. 6. Market-clearing prices for three different hours. Base Case.

Fig. 4. Distribution of the total generating capacity among the GENCOs. famping constraints are relatively strict. Additionally, some
minimum down-time constraints become active and force some

o ] _units not to start until these constraints are satisfied. Minimum
some hours, the total production is almost stable after iteratighyn-time constraints are particularly binding for type-B units.

number 4. This can be interpreted as an indication of high coRjayertheless, the influence of these technical constraints and
petition, (high offer and low demand). This is the case of hoUgghers in the evolution of prices and productions is small and
6 and 13. However, for other hours, as for instance hour 9ydir enforcement does not change the general behavior of
two-level cycle is apparent. In hour 9 production is high fogENCOSs, i.e., GENCOSs have to enforce them but their strate-

odd iterations and low for even iterations. This effect can hfes are not strongly influenced by these technical constraints.
interpreted considering that lower prices in an iteration result in

smaller off(_ared quantities in the_: next iteration and yice Versg. case 2: No Network
For hours like hour 9, the exercise of market power is apparent . ) .
and no stable solution can be found. See [15], [16] for more ex-IN this case, the same analysis performed in the ‘Base Case’
amples of this behavior in a different setting. is carried out, b_ut W|thout_t§1k|ng the network into accognt. This
Fig. 6 shows the evolution of prices for the same hours geans that all I|n_e capacities are large enough to avom! conges-
Fig. 5. For some hours prices are stable during the iteratiof§n @nd that all lines are assumed to be lossless. Making these
e.g., hour 6. As previously stated, this means that for those hofifSUMPptions, results for this case study do differ from the results
competition is high. For other hours, a nonstable behavior ¥ the ‘Base Case’ in some aspects. Productions do not change
apparent. That is, for some iterations the price is high and fgj@nificantly (compare Fig. 7 with Fig. 5). However, prices are
others it s low. Although prices are not stable, they are confind}Ver as shown in Fig. 8 (compare with Fig. 6). The reason for
to a small set of different prices. that is that the_absence of network c_ongesuon. makes cheaper
Note that for hour 13, very small production differences (sé¥neration available and that results in lower prices.
Fig. 5) are related to significant price changes (see Fig. 6). The-urthermore, in the ‘No Network Case,’ price oscillation be-
reason is that the slope of the aggregated offer curve is highmes higher because damping network effects are not present.
around those production values for that hour.
Final productions and demands result in a slightly congestEd €ase 3: No Market Power
network, i.e., 2 lines reach their capacity limits. The third case differs from the previous two cases in the fact
Throughout the iterations, the inter-temporal constraints tfat all units are forced to work as if they were independent
some units become active, specially ramping limits for unitaits; i.e., every unit is considered to be a GENCO. There-
of type G. The reason is that type-G units are cheap and thiaire, the possibility for market power exertion is dramatically
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75 25

hour#13\

XN
=}

22 4 hour # 13

\

% 6,5 =
§ E 19 4
§ 60 hour#g/ g
‘; 55 & 18 hour # 9 —
5 B
hour # 6 13
5,0 et
hour#e/
45 : —— T . 0 b -
1234567 8 91011121314151617 18 1920 21 22 23 24 25 26 27 28 29 30 12834567 8 910111213141516 1718 1920 21 22 23 24 25 26 27 28 29 30
terations Iterations
Fig. 7. Total production for three different hours. No Network Case. Fig. 8. Market-clearing prices for three different hours. No Network Case.
reduced. In fact, each of the largest units (type G units) repr "* our s 1

sent less than 5% of the total installed capacity. The network
considered in this case.

The elimination of the possibility of market power exertion 5°
clearly affects the results of the simulation. As shown in Fig. S§ 601
production oscillations are very small for all hours. In the;f’
absence of market power, incentives to withhold productio g 55

7,04

Wh)

are inexistent and, hence, generators tend to bid their whe® 5o hour # 6
capacities.
Note that the main difference between Figs. 5 and 9 is tt 45 —— —
. . . . . 123 4567 8 910111213141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
production evolution in hour 9. As previously stated, the oscil Herations

lating behavior in hour 9 for the ‘Base Case’ (see Fig. 5) is due
to market power exertion by price-maker GENCOs. Howeverg- 9. Total production for three different hours. No Market Power Case.
when market power exertion is not allowed, the oscillation dis-
appears (as it is observed comparing Figs. 5 and 9 for hour ! 2
Moreover, productions in hours 6 and 13 are obtained under hi
competition in the ‘Base Case’; hence, they are not very inflt
enced by the elimination of market power, as can be seen co £,
paring Figs. 5 and 9 for both hour 6 and 13. H
Fig. 10 shows the stable evolution of prices for this case. Afte § ., |
two iterations prices become constant. This is a definitive ind * hour # 9
cation that market power is not being exerted. Note that prict 15|
are not only fixed, but they are really small compared to th hourss 7
‘Base Case.’ 10 ———— ; T
Network congestion in this case is similar to network conge: teesseTeewn 121313:,2.::,: om0
tion in the ‘Base Case.’

22

hour # 13 \

Fig. 10. Market-clearing prices for three hours. No Market Power Case.
D. Comparison Among Profits Made by the Largest GENCO
in the Three Case Studies o X1

Base Case

In this section, a comparison is made among the profits mac s
by the largest GENCO in the three case studies. Fig. 11 shov
the evolution of the total profit made by GENCO #1 in the first
two case studies.

For the ‘No Market Power Case,’ the sum of the profits mad¢ £
by the first 19 units is plotted because those are the units th s S B S S A S
belong to GENCO #1 in the other cases. 2 No Mamewmwase/

Fig. 11 shows that profits for both the ‘Base Case’ and thi 11
‘No Network Case’ have an oscillating behavior because price o ‘ ‘ ‘ ———
and quantities are not stable. Nevertheless, actual profitvaly ' = °*°° 7 22 0nmenen mwsme e nammayman
are similar in both cases. In the ‘No Network Case,’ the fact
that no network is considered does not have a relevant effectf 11. Profits made by the first GENCO in the three cases.
profits, although it does affect prices. The explanation for that
is that while revenue decreases due to lower prices, costs alsRegarding the ‘No Market Power Case,’ Fig. 11 shows that
decrease because the cheapest units are always used. profits are constant. Moreover, profits are substantially lower

fits ($)

No Network Case
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than in the previous cases because the market is more competing different electric energy systems of realistic size show

tive in this case. Note that stability comes from the fact that ribe formation of complex equilibria with identifiable patterns

company can profit from withholding power, hence its wholthroughout the hours of the considered market horizon. These

capacity is always offered. patterns, related to prices and quantities, are described, com-
The simulations presented are performed using CPLEX 7%&red and analyzed in this paper. The simulation tool presented

under GAMS [17] on a SGI R12000 (400 MHz) processor witfs particularly appropriate for the market operator to monitor the

500 MB of RAM. The total required CPU times are 1055.8narket and to identify oligopolistic behavior and its associated

minutes for the ‘Base Case,’ 84.1 minutes for the ‘No Networquilibria. It is also useful for a GENCO to identify, within a

Case’ and 3681.8 minutes for the ‘No Market Power Case.’ Thiggulatory framework, its most profitable behavior and the re-

represents an average of 35.9, 2.8, and 122.7 minutes per itstdting equilibria.

tion, respectively. The total number of mixed-integer linear pro-

gramming problems that have to be solved is 330, 330, and 1530, APPENDIX

respectively. The average minutes needed per problem are 3.20, LINEAR APPROXIMATION OF LOSSES

0.25, and 2.41, respectively. Note that computing times decreasq.he losses incurred in line-

by a factor near 10 when the network is not considered. A%l : are represented as additional

erage CPU time to solve the optimization problem of the 19—unﬁmt'ous demands in busesandk, respectively. Therefore, the

GENCO is 3.552 minutes for Case 1 and 0.173 minutes for Caasdedltlonal demand associated with nedepresenting losses is

2. Average CPU time to solve the optimization problem of ongen as

single-unit GENCO is 2.927 minutes for Case 1, 0.112 minutes oss L loss
for Case 2 and 2.424 minutes for Case 3. Average CPU time to P =5 Z Prk (A1)
solve the market clearing optimization problem is 1.761 min- k€dn

utes for Case 1, 1.044 minutes for Case 2 and 2.792 minutes foggte that subindex representing time dependence has been
Case 3. Note that this analysis is not intended for real-time URopped for convenience. The tepl™ in (A.1), is defined as
The major conclusions from the case studies are summarizgfis (see (4) and (12) in Sectiorikll):
below:
loss

1) Price-maker GENCOs do exert market power in some PO = Gk (0, — 01)° = Gr(0nr)? (A.2)
hours to increase their respective profits.

2) Price-maker GENCOs that coordinate the production Bfhered,, is the voltage angle difference between busesd
their units increase highly their respective profits conk-
pared to GENCOs which units act independently. In the A linear approximation of losses can be obtained using
case studies provided, differences up to 100% occur. Piece-wise linear blocks [10].

3) The exercise of market power by price-maker GENCOs .
results in oscillating productions and prices for some loss __
hours. And this results in increasing market uncertainty. Puk = G ;_:1 k()] 0ni (£)] (A3

4) Depending on demand levels, different equilibrium pat-
terns can be found for different hours within the samehered,,;.(¢) is the/th voltage angle block relative to buses
market horizon. For example, in the ‘Base Case,’ hourd@ndk, o, () is the slope of théth block of angle and. is the
shows nearly perfect competition, whereas hour 9 showamber of blocks of the linearization of losses.

the effects of market power exertion. If the piece-wise length i&d, the slope can be expressed as
5) If the number of congested lines is not high and the con-
gested lines do not create drastic bottlenecks, GENCO an(f) = (20 = 1)Al (A.4)
profits do not significantly change if the network is _
ignored. and the power loss is calculated as
L
V. CONCLUSION P = G0y (20 = 1[0, (0))| (A5)

(=1
This paper presents a multiperiod simulation tool to identify

market equilibria in a pool-based electric energy market. Market The absolute value function is expressed as
participants are GENCOs, either price-takers or price-makers,

consumers and the market operator. The market operator clears |07k (0)] = Hi_k (4) + 0, (0) (A.6)
the market using a multiperiod network-constrained auction that_. .

results in hourly market-clearing prices. Congestion manage—F'na"y’ we obtain
ment is implicitly and optimally achieved within the auction al- L
gorithm. Network losses are properly taken into account. The ploss — 1 Z G A Z(gg _ 1)(9:&»(6) +6.,.(0)

bidding and market-clearing procedures are repeatedly simu- 2 ked, —

lated using the tool proposed in this paper to identify equilibria (A.7)

in the market. The simulation tool is flexible and adaptable to

different market settings. Extensive computational simulatiomghich expresses linearly losses as a function of angle variables.
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